Abstract: Individuals in large plant populations are expected to benefit from increased reproductive success relative to those in small populations because of the facilitative effects of large aggregations on pollination. As populations become small, the inability to attract sufficient numbers of pollinators can reduce reproduction via pollen limitation. This study experimentally tested whether such trends occur for the herbaceous biennial Sabatia angularis (L.) Pursh (Gentianaceae). We created artificial populations of varying size consisting of potted S. angularis plants in two field sites to determine whether population size affected mean fruit and seed set. We also examined whether population size affected the degree of pollen limitation using a supplemental pollination design in one of the sites. Our results showed that, on average, seed set was lower in large populations, not small populations, of S. angularis and that this result may be due to increased pollen limitation in large populations. We suggest that in certain contexts, small populations may enjoy reproductive advantages over large populations by escaping intraspecific competition for pollinators.
Introduction
Reduced reproduction in small plant populations is becoming a widely recognized phenomenon (Leimu et al. 2006) , and has primarily been attributed to reductions in the quantity and quality of pollination services. For example, pollinator visitation is often reduced, as pollinators tend to be less attracted to small populations than large ones. As a result, individuals in small populations may fail to receive enough pollen to achieve full fruit or seed set (Sih and Baltus 1987; Aizen and Feinsinger 1994; Å gren 1996) . Thus, the expectation is that individuals in small populations are more likely to be pollen limited than their counterparts in large populations, and this can become exacerbated if individuals in small populations must also compete with other species for pollinator visitation (Levin and Anderson 1970; Rathcke 1983 ). This competition can negatively affect the quantity of pollen received, e.g., via reduced visitation or reduced conspecific pollen carryover and deposition (Caruso 1999; Brown et al. 2002; Bell et al. 2005) , and can also affect pollen quality via the transfer of heterospecific pollen (Waser 1978a (Waser , 1978b Campbell and Motten 1985; Galen and Gregory 1989) , which can also result in reduced reproduction. Furthermore, small populations may face reduced pollination because they are unable to sustain sufficient pollinator populations (Bowers 1985; Potts et al. 2004; Moeller 2005) . Even if pollination services do not change, small populations are often confronted by reduced genetic diversity, via drift or inbreeding (Frankel and Soulé 1981; Barrett and Kohn 1991; Young et al. 1996) , and such reductions have also been associated with lowered reproductive success (Reed and Frankham 2003; Leimu et al. 2006) . These patterns suggest that facilitative intraspecific interactions may be important for successful reproduction in natural plant populations. This phenomenon is often referred to as the Allee effect (Allee 1931; Allee et al. 1949) , and has been demonstrated empirically in several species (e.g., Lamont et al. 1993; Widén 1993; Groom 1998; Kéry et al. 2000; Hackney and McGraw 2001) .
Yet despite these trends, reproduction need not always be reduced in small populations. Some species, for example, require only a small amount of pollen to set seed such that their reproductive success is unaffected by changes in population size and pollinator visitation (Molano-Flores et al. 1999 ). Other species may be able to mitigate the consequences of reduced pollinator visitation through autonomous autogamy (self-pollination within a flower) (Karoly 1992; Kalisz et al. 2004) , although this ability may not secure a plant's fitness if resultant fruit or seed set is reduced by inbreeding depression (Stephenson 1981; Stephenson and Winsor 1986) . Reproduction in small populations might also be sustained when other flowering species facilitate pollinator visitation, rather than compete (Rathcke 1983; Callaway 1995; Ghazoul 2006) . Positive interactions between species for pollinators are less documented than competitive interactions, but occur (e.g., Waser and Real 1979; Moeller 2004; Ghazoul 2006) and are becoming commonly recognized (Brooker et al. 2008) . Furthermore, reproduction may even be greater in small populations than in large ones, if individuals in small populations are released from competition for resources (Harper 1977) . Limited resource availability can restrict fruit and seed set regardless of the amount of pollen received (Haig and Westoby 1988; Ashman et al. 2004 ). For example, Mustajärvi et al. (2001) found that large populations of the perennial herb Lychnis viscaria had lower fruit set than small populations despite similar levels of pollination.
Observational studies on the relationship between population size and reproduction in natural populations have been essential in identifying relevant patterns in nature, but they unavoidably confound the potential mechanisms affecting variation in reproduction, including resource availability, pollen limitation, and other ecological factors. Experimental studies examining these relationships are useful for isolating these factors and for identifying the specific mechanisms that influence the relationship between population size and reproduction. As such, experimental studies can add to our understanding of how reproductive dynamics change with population size, knowledge that is useful for improving our understanding of population dynamics in general.
The goal of this study was to examine the effect of population size on reproductive success in the native biennial Sabatia angularis (L.) Pursh (Gentianaceae). Previous research in natural S. angularis populations has shown that fruit set is reduced in small populations (Spigler and Chang 2008) but was unable to positively conclude whether this effect was pollinator mediated. Sabatia angularis individuals are known, however, to experience pollen-limited fruit and seed set (Dudash 1993) . Thus in this study we use an experimental approach designed to isolate the effect of population size on reproduction and to evaluate the relationship between population size and pollination. Specifically, we created artificial populations consisting of 1, 4, 25, 100, and 225 individuals using potted S. angularis plants, and asked the following questions: (i) Do small populations of S. angularis have reduced fruit and seed set? (ii) Is reproduction in these populations pollen limited? (iii) Is the degree of pollen limitation greater in small populations compared with larger populations?
Materials and methods

Study species
Sabatia angularis is an herbaceous biennial native to eastern North America. Widely distributed throughout its range, it may be found in a variety of habitats including glades, marshes, rocky outcrops, old fields, roadsides, and prairies. The majority of plants typically produce their pink flowers from July until August. Flowers are protandrous and selfcompatible, and last approximately 4 d (Dudash 1987) , although they can last over a week if unpollinated (R.B. Spigler, personal observation). Despite protandry, individuals are capable of autogamous pollination when male and female phases overlap within a flower (R.B. Spigler, unpublished data). The flowers are nectarless, and instead offer pollen as a reward to a suite of generalist pollinators, which may include leaf-cutter bees (Megachilidae), sweat bees (Halictidae), andrenid bees (Andrenidae), small carpenter bees (Anthophoridae), and hover flies (Syrphidae) (Dudash 1987; Spigler 2007) . Between August and November, flowers develop into many seeded, dry, dehiscent capsules from which seeds mainly disperse passively by gravity. Seeds germinate the following spring and develop into a rosette by late fall.
Plant cultivation and experimental arrays
In January 2005 in the Plant Biology Greenhouse at the University of Georgia, we planted approximately 1000 S. angularis seeds that were collected the previous reproductive season from 10 natural populations across North Carolina, South Carolina, and Georgia. We subjected planted seeds to cold stratification to promote germination, and once rosettes developed in Fall 2005, we transplanted them into 6-inch (1 in. = 25.4 mm) Regal Azalea pots (Hummert International, Springfield, Mo.) filled with a 1:1 v/v pine-bark soil -turface MVP (Profile, Buffalo Grove, Ill.) mixture. The pine-bark soil contained vermiculite and fertilizer (Ca(NO 3 ) 2 , KNO 3 , gypsum, limestone, and Micromax (Scotts International B.V., Geldermalsen, the Netherlands)). Most plants bolted and began to develop flower buds by June 2006.
Two replicates of the experiment were performed across two sites: Whitehall Forest, an 800 acre tract (1 acre = 0.4 ha) of Piedmont forest managed by the Warnell School of Forestry and Natural Resources at the University of Geor-gia in Athens, Georgia, and a large, open meadow in Farmington, Georgia. While S. angularis has been found previously in these parts of Georgia, the species is not common here, and no local populations of S. angularis were located near the study sites. Individuals were assigned to one of five population size classes: N = 1, 4, 25, 100, and 225 (see below). We chose experimental population size classes to represent natural variation in population size of contemporary wild S. angularis populations in the region; natural populations in Georgia, North Carolina, and South Carolina are patchy and typically vary in size from 1 to 400 adult plants (Spigler and Chang 2008) . Although larger populations, up to *7000 plants, do exist in this region, they are rare and found only in managed prairies (R.B. Spigler, personal observation).
Because flowering among the experimental plants grown in the greenhouse was not synchronous and spanned over a period of 2 months, we assigned individuals to a population size class and site based on flowering time. We were able to determine which plants would flower approximately at the same time according to the stage of flower buds of plants in the greenhouse prior to placing them in the field. By July 2006, approximately half of the plants raised in the greenhouse had large, mature, pink floral buds, while floral buds were still small and whitish-green in the remaining plants at that time. Among those plants with mature flower buds, we randomly assigned individuals to a population size class and placed them in arrays at Whitehall Forest (see below). Among the remaining individuals, we waited until floral buds were mature (approx. 3 weeks later) and at that time randomly assigned those individuals to a population size class and placed them in arrays at the Farmington site. This design ensured that flowering was approximately synchronous among plants within the same array and among arrays within each site. Because individuals were assigned randomly with respect to source population, we were also able to eliminate genetic structure among populations.
Experiment 1: Population size and reproduction
The first replicate began July 2006 at Whitehall Forest (hereinafter, WH). Within the forest matrix of WH, we located open fields and power-line right-of-ways and randomly assigned each artificial population to a given location. These locations were separated by at least 500 m. Plant arrays consisted of potted plants placed 0.5 m apart in a square grid to keep density constant. We included four replicates of N = 1, two replicates of N = 4, and one replicate each of N = 25, 100, and 225 within WH. To keep plants alive, we watered plants daily throughout the duration of the study. In each of the N = 25, 100, and 225 population size classes, we randomly selected 15 individuals as target plants; all individuals were included in smaller populations. For each of these target plants, we counted the number of flower buds. The experiment ended when focal plants had finished flowering and fruits had matured. At that time, we counted the number of fruits to measure proportion fruit set and we collected fruits to estimate seed set. Because capsules remain attached to the plant, it is highly unlikely that any fruits were missed. We measured fruit set as the ratio of fruit number to bud number. Because S. angularis seeds are so small (approx. 0.025 mg/seed, on average), we used fruit mass as a proxy for seed set. Fruit mass is significantly and highly correlated with total seed mass per fruit (r = 0.985, P < 0.0001, n = 71), and total seed mass is significantly correlated with seed number (r = 0.88, P = 0.003, n = 11) (R.B. Spigler, unpublished data). We estimated seed set as average fruit mass across up to 10 fruits per individual. After plants began to flower, a host-specific fungus, identified as Cercospora sabbatiae, spread throughout the experimental populations in site WH, and many plants became infected. Therefore, we also recorded presence or absence of infection for each target plant.
In August 2006, we brought potted plants to the second site in Farmington, Georgia (hereinafter, FA). Within FA, we placed three replicates of N = 1 and one replicate each of N = 4, 25, and 100. The reduced number of replicates and exclusion of N = 225 resulted from a limited number of plants with mature buds in the greenhouse by that time. Because FA is much smaller in area than WH, the distance between artificial arrays was reduced to approximately 150 m. We watered plants daily and randomly selected up to 15 target plants in each experimental array to collect data as described above. In addition, once arrays were established at FA, we sprayed all plants with a fungicide (1 tsp./gallon (1 tsp. = 4.9 mL, 1 gallon = 3.78 L) of Cleary's 3336 WP (Cleary Chemical Corp., Dayton, N.J.) with 0.5 tsp./gallon Bio 88 surfactant (KALO, Overland Park, Kansas, USA)) in response to widespread infection of WH experimental plants. Fruit and seed set were assessed once focal plants ceased flowering and fruits had matured.
All analyses, including those for experiment 2 (see below) were performed in SAS (SAS Institute Inc. 1999, version 9.1). To determine whether the relationship between population size and either fruit or seed set differed between the two sites, we examined the effect of population size, included as a continuous variable, site, and their interaction on mean population fruit and seed set in ANOVA (PROC GLM). Seed set was natural-log transformed to conform to ANOVA assumption of normality. A significant interaction between site and population size would indicate that the relationship between population size and either fruit or seed set differed among sites. This interaction was not significant for either fruit set (F [1, 13] = 0.00, P = 0.99) or seed set (F [1, 14] = 0.02, P = 0.65), therefore we proceeded by pooling the data from both sites and examined the relationship between population size and fruit and seed set using regression analysis (PROC GLM). Initial examination of scatter plots suggested that the relationship between seed set and population size may, in fact, be nonlinear (Fig. 1) . To evaluate this alternative, we also fit the pooled seed set data to the asymptotic power function y = ax b (PROC NLIN) and calculated the R 2 for this function as 1 -(SSE / SST corrected ), where SSE is the error sum of squares and SST corrected is the corrected total sum of squares (Kvålseth 1985) . We then calculated residuals from the pooled nonlinear relationship and used ANOVA to determine whether there was significant variation between sites in their deviation from the pooled nonlinear relationship (Waser and Price 1991; Mitchell 1997) . ANOVA revealed that the two sites did not differ in their fit to this model (F [1, 14] = 2.26, P = 0.16), suggesting again that the sites do not vary in their response; therefore we refer only to the pooled data for this analysis. Pooling of data was also supported by comparison of parameter estimates from site-specific nonlinear models, which revealed overlapping 95% confidence intervals for these parameters (R.B. Spigler, unpublished data). We compared R 2 values from the competing linear and nonlinear models to evaluate which model better described the relationship between seed set and population size.
We performed a second set of analyses to ensure that our results were not artifacts of incidental fungal infection, which occurred at site WH. We first calculated adjusted fruit and seed set means for population arrays at WH that accounted for the effects of the fungal pathogen. Adjusted means were obtained from the LSMEANS statement in PROC GLM, wherein fruit and seed set were modeled as a function of population size array (used as a class variable) and presence or absence of fungal infection. We then repeated the analyses described above, substituting the adjusted means for population arrays at WH in the pooled data set. Data were also pooled for these analyses because there was not a significant site by population size interaction for fruit set (F [1, 13] = 0.02, P = 0.90) nor for seed set (F [1, 14] = 0.11, P = 0.75), nor did sites differ significantly in their fit to pooled nonlinear relationship based on adjusted means (F [1, 14] = 0.88, P = 0.37).
Experiment 2: Population size and pollen limitation
To determine whether reproduction is pollen limited and whether the degree of pollen limitation varies with population size, we performed a pollen supplementation experiment at WH. We randomly selected 10 plants in each of the N = 25, 100, and 225 size classes and 2 plants in one of the N = 4 replicates to serve as ''treatment'' plants and paired them with ''control'' plants in the same population array that were similar in height, bud number, and flowering time. Control plants were a subset of the 15 target plants used in experiment 1. All flowers per treatment plant received supplemental pollen; each day we applied pollen to every flower with a receptive stigma by directly rubbing anthers onto the stigmatic surface until visibly covered with the yellow pollen. The majority of supplemental hand pollinations were carried out between 0800 and 1100 h. The supplemental pollen represented outcross pollen, which we chose haphazardly from plants in the array that had available pollen each day and that were not used as target plants in experiment 1 or treatment or control plants in this experiment. Because all of the arrays are composed of a mixture of plants from the 10 original seed source populations, crosses may be between individuals originating from the same population or between individuals originating from different populations. Previous data, however, revealed that neither population identity of the pollen donor nor the recipient has a significant effect on fruit or seed set (R.B. Spigler, unpublished data). We estimated fruit and seed set for treatment and control plants as in experiment 1.
We performed paired t tests (PROC TTEST) to evaluate whether treatment plants receiving supplemental pollen had significantly higher fruit and seed set than control plants across all population sizes, which would suggest that reproduction was, on average, pollen limited. Because some treatment and control plants were infected by C. sabbatiae, we repeated the paired t tests, including only those pairs that had either no or minimal fungal damage, to remove potential confounding effects of this infection.
To determine whether the degree of pollen limitation was related to population size, we first estimated the degree of pollen limitation using the pollen limitation index L ¼ 1 À ðP o =P s Þ, where P o is fruit or seed set of openpollinated controls and P s is the fruit or seed set of treatment plants given supplemental pollen (Larson and Barrett 2000) . We calculated mean L for each population size class and used correlation analysis to examine whether population size was significantly related to pollen limitation (PROC CORR).
Results
Experiment 1: Population size and reproduction
There was a significant, negative effect of population size on seed set, and the relationship between the two was nonlinear (F [2,15] = 119.81, P < 0.0001, R 2 = 0.34) (Fig. 1 ). This nonlinear relationship remained significant when mean seed set for populations at WH was adjusted for fungal infection (F [2, 15] = 127.52, P < 0.0001, R 2 = 0.29). The linear model describing the effect of population size on seed set was not significant (F [1, 14] = 3.10, P = 0.10, R 2 = 0.19). While the relatively low P value from the linear model suggests that we may not be able to detect a linear effect simply because of low power, it nevertheless explained only 19% of the variation in seed set compared with 34% explained by the nonlinear model, further supporting the better fit of the nonlinear model. This conclusion did not change when adjusted seed set values were used in the linear model (F [1, 14] = 2.41, P = 0.15, R 2 = 0.16). In contrast with the results for seed set, population size did not significantly affect fruit set (F [1, 13] = 0.09, P = 0.77) (Fig. 1) , and this result did not change when fungal infection was accounted for (F [1, 13] = 0.32, P = 0.58). We did not detect a significant effect of site in the initial ANOVA on fruit set (F [1, 13] = 0.27, P = 0.61) or seed set (F [1, 14] = 1.96, P = 0.19) (see also Methods for nonlinear).
Experiment 2: Population size and pollen limitation
An initial paired t test revealed no significant difference between pollen-supplemented and control plants for fruit set (t = 0.95, df = 28, P = 0.35) or seed set (t = 0.01, df = 30, P = 1.0). When the analyses were performed involving only uninfected, healthy individuals, a trend emerged: plants receiving supplemental pollen had significantly greater seed set than control plants across population size classes (t = 2.13, df = 14, P = 0.05). Fruit mass, our proxy for seed set, was on average 5.77 mg greater in pollen-supplemented plants than control plants. Among healthy plants, fruit set was also marginally greater in treatment plants than control plants (t = 1.99, df = 13, P = 0.07), with pollensupplemented plants setting approximately 15% more fruits.
We proceeded by determining whether the degree of pollen limitation among healthy plants varied with population size. Because almost all individuals in N = 100 were affected by the fungus, this population size class was omitted from the analysis. Unfortunately, this left only three population size classes for correlation analysis. Examination of the relationship between population size and pollen limitation revealed a trend of increasing pollen limitation for seed set with population size (Fig. 2) , and the correlation between population size and pollen limitation was positive and high (r = 0.84), but not surprisingly, given the low power, was not statistically significant (P = 0.37). While a Spearman correlation based on ranks does support this relationship (r = 1.0, P < 0.0001), the relationship might also be nonlinear (Fig. 2) , but again low power precludes further examination. There was no relationship between population size and pollen limitation for fruit set (r = -0.23, P = 0.85) (Fig. 2) .
Discussion
The goal of this study was to isolate the effect of population size on reproduction in Sabatia angularis and to evaluate whether this effect was pollinator mediated. We found that population size affected reproduction, but interestingly, this effect was in the opposite direction that we predicted. We initially predicted that small populations would experience reduced reproduction because of reduced pollinator visitation and subsequent increased pollen limitation, as has been found in other species. For example, Å gren (1996) demonstrated that increased pollen limitation in small populations of the tristylous herb Lythrum salicaria led to a positive relationship between seed set and population size. Similarly, Knight (2003) found increased pollen limitation in sparse populations of the understory herb Trillium grandiflorum compared with dense populations. These studies support the emerging general principle that facilitative interactions among individuals for increased pollination are important for successful reproduction (Leimu et al. 2006) .
Such facilitative effects, however, were not apparent in this study. Instead, there was a negative effect of population size on reproduction, and large populations had lower seed set than small populations. This effect was nonlinear, such that mean population seed set declined rapidly with initial increases in population size, but the rate of this decline lessened with further increases in population size (Fig. 1) . Based on the nonlinear model fit to the data, this relationship translates into a 20% decline in mean population seed set between a population of only 1 individual and a population of 10 individuals, for example, but when comparing popula- tions of 100 and 225 individuals, this decline is reduced to 8%. Although reduced, an 8% decline in mean seed set per fruit might nevertheless be expected to have a significant impact on individual fitness.
Reduced reproduction in large populations often arises as an outcome of increased competition for soil resources with increasing population size (Harper 1977 ). Yet in this study, the use of individually potted plants excluded the role of plant-plant competition for soil resources. Instead, the effect of population size on seed set seen in this study may have been pollinator mediated. This possibility is consistent with results from experiment 2, which revealed that individual reproduction was pollen limited and that, at least for seed set, the degree of pollen limitation tended to increase with population size, although we note the small sample size precludes statistical confirmation of this relationship. The levels of pollen limitation seen for seed set in the N = 25 and N = 225 size classes examined here correspond well with a previous report of pollen limitation in a natural population of S. angularis (Dudash 1993) , but studies on the relationship between pollen limitation and population size in natural populations do not exist for this species, limiting further comparison. Rather than compete for below-ground resources, S. angularis individuals in this experiment may have competed for pollinators. Preliminary pollinator observations at WH indicated few visitors to plants in experimental populations (R.B. Spigler, personal observation). A paucity of pollinators at WH may have led individuals in larger populations to compete more intensely than individuals in smaller populations for those pollinators that did arrive. Indeed, other studies have shown that intraspecific interactions among plants can become competitive when pollinators are scarce relative to population size. For example, Zimmerman (1980) demonstrated that seed set of Polemonium foliosissimum individuals declined as the ratio of bees to flowers declined in what he termed the ''competitive phase'' of the flowering season. Campbell and Husband (2007) came to a similar conclusion upon finding a negative relationship between pollinator visitation rate and population size in Hymenoxys herbacea. Moreover, at least seven other studies in a review on plant spacing and pollination (Ghazoul 2005) have found negative relationships between population size or patch size and either pollination or reproduction, suggesting that such relationships may be more than exceptions to the rule.
In a previous, observational study in natural populations of S. angularis (Spigler and Chang 2008) , we similarly concluded that competition was important in affecting seed set. However, in that study, we suggested that competition for below-ground resources was responsible based on a negative relationship between seed set and local plant abundance. While we recognize that results from the current study should be interpreted with caution because of the low replication, together these two studies highlight the role of competition in influencing seed set in this species. By removing the role of below-ground resource competition, the current study adds to the previous study by further suggesting that competition for pollinators may influence the relationship between population size and seed set in S. angularis.
While a negative relationship between population size and seed set mediated through pollinators was initially unexpected, the nonlinear nature of this relationship is perhaps less surprising in light of the biology of S. angularis. Sabatia angularis is capable of autonomous autogamy (R.B. Spigler, unpublished data), and this ability is thought to provide reproductive assurance in the face of pollen limitation (Karoly 1992; Kalisz et al. 2004) . Accordingly, there may be a lower limit to which fruit and seed set decline in S. angularis in times of pollinator scarcity, assuming resources are not limiting, because at least some reproduction is possible through autonomous self-pollination. Complete reproductive assurance, however, is unlikely in S. angularis, because flowers are protandrous and autogamy is possible only when male and female phases overlap. Thus we might expect S. angularis individuals in natural populations to have at least some base level of reproductive assurance, provided there are enough resources, although pollination would be necessary for full seed set, leaving S. angularis susceptible to pollinator-mediated effects of population size.
It follows that such reproductive compensation via autogamy would also lead to an upper limit to the degree of pollen limitation experienced by S. angularis individuals. Although L, our measure of pollen limitation, was negative for the N = 4 population size class, indicating perhaps stigma clogging from the application of large quantities of pollen or mechanical damage to stigmas upon handpollination (Young and Young 1992) , the amount of pollen limitation seen in the other two population size classes falls within the range of pollen limitation expected for a selfcompatible, autogamous species (Larson and Barrett 2000) . While we cannot make definitive conclusions about the shape of the relationship between population size and the degree of pollen limitation for seed set in this study because of low power, the data shown here are at least consistent with the potential for a limit to the degree of pollination limitation in this species and warrants further investigation.
In contrast with seed set, fruit set did not vary with population size across the experimental populations. MolanoFlores et al. (1999) suggested that fruit set might be decoupled from pollen receipt if a species requires only a minimal amount of pollen to set fruit. In general, this should be true for monocarpic species such as S. angularis, which are presumably under strong selective pressure to develop fruits. Sabatia angularis appears to require only a small amount of pollen for fruit set, as fruits can be formed with very few seeds (Dudash 1993; Spigler and Chang 2008) . Consequently, we might expect seed set to be more responsive to changes in the pollination environment than fruit set, as seen in this study. Yet, Spigler and Chang (2008) found that fruit set can vary with population size in natural S. angularis populations, and in contrast with the pattern between seed set and population size seen in the current study, the former study demonstrated that fruit set is reduced in small populations. One possible explanation for the differences in results between the two studies is that effects of density on reproduction (e.g., Silander 1978; Allison 1990; Kunin 1992) would not be captured in the current study because it was held constant, but since population density does not influence mean fruit set at the population level in natural S. angularis populations (Spigler and Chang 2008) , this explanation seems unlikely. It is also possible that the size range in this study was not sufficient to capture its relationship with fruit set. Given that the relationship observed in natural populations was across a range of population sizes similar to that used in the current study (Spigler and Chang 2008) , this explanation also seems unlikely to explain the discrepancy between the results. Finally, the difference in the effect of population size on fruit set between this experimental study and the earlier study using natural populations may be due to genetic causes. We did not attempt to identify genetic effects in the current study, but reduced genetic diversity and increased genetic load in small populations (Frankel and Soulé 1981; Barrett and Kohn 1991; Young et al. 1996) can often translate into reduced reproduction (Reed and Frankham 2003; Leimu et al. 2006) . Genetic studies on natural populations of different sizes can test this possibility.
One caveat is that the unintended effects of the fungal pathogen Cercospora sabbatiae found in the WH arrays may have influenced the results. Cercospora sabbatiae is commonly found in natural S. angularis populations and can impact seed production in S. angularis individuals (R.B. Spigler, unpublished data). Nonetheless, a significant relationship between population size and seed set remained when the effect of this fungal pathogen was accounted for. Furthermore, results from the pollen supplementation experiment among healthy plants are consistent with increasing pollen limitation for seed set with population size at WH.
In conclusion, the results of this study suggest that large populations of S. angularis could face increased pollen limitation and decreased reproduction, potentially due to increased intraspecific competition for pollinators. Whereas facilitative effects in large populations are becoming more widely recognized as the need to protect rare and small plant populations increases, evidence from this study as well as others suggests that in some contexts, there are reproductive advantages in small populations. However, the benefits of small population size are likely to vary with a number of factors including the relative frequency of co-flowering species (Levin and Anderson 1970; Rathcke 1983) and their relative rewards to pollinators (Thomson and Plowright 1980; Stucky 1984; Kwak and Jennersten 1991) . Moreover, these advantages may be tempered by genetic effects, which could influence the quality of offspring. Thus, future studies should consider such factors to improve our understanding of the relationships between population size and reproduction and to better predict the consequences for small populations.
